Background-Invasive physiological assessment of myocardial bridges (MBs) is largely unsettled. Unlike fractional flow reserve (FFR), instantaneous wave-free ratio (iFR) is a diastole-specific index. As such, its value might not be hampered by systolic pressure overshooting and negative systolic pressure gradient caused by the compression of the tunneled coronary artery. Methods and Results-We prospectively enrolled 20 patients with angina and/or positive noninvasive stress test, absence of significant coronary artery stenosis, and angiographic suspicion/evidence of MB in the left anterior descending artery. According to a prespecified protocol, all patients underwent functional intracoronary evaluation with FFR at rest and after dobutamine (up to 20 μg kg −1 min −1
A myocardial bridge (MB) is a tunneled segment of an epicardial coronary artery, running deep and for varying lengths in the contest of the myocardial muscle. 1 The presence of this congenital variant, typically involving the left anterior descending (LAD) artery, is traditionally considered a benign condition. Nevertheless, MBs have been related to different clinical conditions, including silent ischemia, stable angina, acute coronary syndromes, Takotsubo cardiomyopathy, and malignant arrhythmias possibly leading to sudden cardiac death. [2] [3] [4] [5] [6] [7] Moreover, in clinical practice it is not infrequent to encounter patients with angina, non invasive evidence of myocardial ischemia, and a MB as the only relevant finding at coronary angiography. Thus, an adequate identification of the hemodynamic significance of MBs is important to guide therapeutic approach.
Intracoronary functional evaluation of MBs is largely unsettled. The value of fractional flow reserve (FFR), a mean of systolic and diastolic pressure gradients, might be hampered by systolic pressure overshooting and negative systolic pressure gradient (ie, the average coronary pressure distal to the MB is higher than the aortic pressure during systole) caused by the compression of the tunneled coronary artery. 8 On the contrary, the instantaneous wave-free ratio (iFR; Volcano Corporation, San Diego, CA) is a lesion-specific, diastoliconly index, recently validated against FFR for the assessment of fixed coronary artery stenosis to guide percutaneous coronary intervention, 9, 10 and might not be affected by the systolic compression of the MB. 1 To date, invasive investigation of MBs by the use of both FFR and iFR at baseline and in stress conditions are restricted to single case reports.
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Methods
Study Population
We prospectively enrolled 20 patients with angina and abnormal noninvasive test suggestive of myocardial ischemia, with angiographic and-when available-cardiac computed tomography (CCT) suspicion/evidence of MB. Patients with concomitant significant coronary stenosis (ie, >50% diameter stenosis at quantitative coronary angiography) were excluded from the study. Hypertrophic cardiomyopathy was ruled out by echocardiography in all subjects. All patients gave informed consent to cardiac catheterization and intracoronary functional assessment. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by Functional Evaluation of Myocardial Bridges the local Ethical Committee. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure because other studies are ongoing.
MB Definition
An MB was considered evident when an intramyocardial segment of the LAD was detected at CCT or when a dynamic systolic milking (≥50% systolic diameter stenosis not present or less evident in diastole) was present at coronary angiography after intracoronary nitrates administration. When systolic diameter stenosis was lower than 50%, an MB was suspected in the presence of a straight segment of the LAD, with a step-down and step-up demarcating the area in which the coronary artery seemed to run deep into the myocardium.
1,8
Angiographic Assessment
The catheterization procedure was done according to standard techniques, from a radial or femoral arterial access. All patients received 5000 IU of unfractionated heparin and 200 μg of intracoronary nitrates before insertion of the guidewire. Basal angiography was obtained in different angiographic views to better visualize and characterize the presence of MB. Further functional assessment was performed in the view showing the best visualization of the MB, both before and after inotropic stimulus.
Quantitative Coronary Angiography
Assessment of coronary lesions by quantitative coronary angiography analysis was performed automatically with a dedicated software (Coronary Quantification Package, Philips Medical System) and independently confirmed by 2 expert operators (G.T. and M.N.).
Repeated measurements were superimposable. The dye-filled catheter tip was used for calibration. Angiographic measurements were performed in the frame showing the maximal MB systolic compression both at baseline and after inotropic challenge. Following quantitative coronary angiography parameters were computed during the systolic phase: minimal lumen diameter, percent diameter stenosis, and stenosis length (mm). A systolic diameter stenosis >50% was considered as significant milking. 8 
Physiological Assessment
According to a prespecified protocol, all patients underwent functional evaluation of the MB with FFR and iFR, both at rest and after inotropic stimulus, to unmask an ischemia related to the MB. A 6F-guiding catheter without side holes, connected to an ACIST pressure transducer (ACIST Medical System, Eden Prairie, MN) was used. Continuous digital acquisition and storage of the ECG and aortic pressure were performed using computerized polygraph controlled by a dedicated software (Mac-Laboratory, General Electric Medical Systems, Milwaukee, WI) in a personal computer. After calibration, the iFR and FFR measurements were calculated online using a 0.014-inch micromanometer-tipped guidewire (Verrata PLUS Pressure Guidewire, Volcano Corporation, Rancho Cordova, CA), and the Volcano s5i integrated Precision guided therapy system (Philips Volcano, San Diego, CA). The guidewire was advanced under fluoroscopy in the LAD as distal as possible to the MB, at a point where vessel diameter was at least 2 mm. FFR was defined as the mean distal pressure (Pd)/mean aortic pressure (Pa) across MB during maximal hyperemia, achieved by administration of intravenous 140 μg kg −1 min −1 or 200 μg intracoronary adenosine. Pd/Pa was automatically calculated by current computational software as the ratio found in the pressure recording-a cutoff point of 0.80 9, 10 was used to detect hemodynamic relevance. iFR was calculated using a ratio of Pd/Pa across MB under nonhyperemic conditions, during the diastolic wave-free period-a period in the cardiac cycle when intrabeat microvascular resistance is inherently constant, and the flow is at its highest compared with the whole cycle. 12 iFR was considered positive for measurements ≤0.89.
9,10 iFR pullback-that is, iFR assessment by guidewire pull back across the vessel-was then performed to confirm the step-up at the level of MB. 13 Both measurements were performed in basal conditions and after inotropic stimulation by intravenous dobutamine. The infusion was started at 10 μg kg −1 min −1 , and increased by 5 μg kg −1 min −1 every 5 minutes up to 20 μg kg −1 min −1 or until the patient developed symptoms or clear evidence of ischemia. An intravenous infusion of 1 mg atropine was administered when the patient did not experience symptoms/ischemia with 20 μg kg −1 min −1 dobutamine infusion. Coronary angiography and a new set of pressure measurements (FFR after repeating adenosine bolus, iFR, iFR pullback) were performed after each inotropic titration dose. Because dobutamine is a hyperemic agent, 14 iFR performed after inotropic challenge is not properly a true iFR; thus, we labeled it dobutamine-induced hyperemic wave-free period pressure ratio (HWPR). An intravenous bolus of β-blocker (metoprolol 5 mg) was administered at the end of the procedure to antagonize the positive inotropic and chronotropic effect of dobutamine. Guidewire drift was finally rechecked at the end of the procedure.
Follow-Up
All patients were evaluated in terms of angina symptoms at our outpatient clinic 6 months after coronary invasive evaluation.
Statistical Analysis
Quantitative variables are summarized as median (min-max) values and were compared with Wilcoxon signed-rank test. The normality assumption was tested through Shapiro-Wilk test and a linear regression was built. All P values were 2-tailed, with statistical significance set at <0.05. Analyses were performed using R software (version 3.4.3) for Windows.
WHAT IS KNOWN
• Myocardial bridges are known to be a cause of myocardial ischemia.
• In this setting, invasive physiological assessment with fractional flow reserve-a systo-diastolic index-is hampered by systolic pressure overshooting and negative systolic pressure gradients.
• Instantaneous wave-free ratio is a diastolic-only index, recently validated for the assessment of fixed coronary artery stenoses.
WHAT THE STUDY ADDS
• In patients with angina and silent ischemia, instantaneous wave-free ratio showed better performance compared with fractional flow reserve in detecting the functional significance of myocardial bridges.
• The lower accuracy of fractional flow reserve versus instantaneous wave-free ratio seems to be related to the decrease or negativization of the systolic pressure gradients across the myocardial bridge.
• The clinical significance of dobutamine-induced hyperemic wave-free period pressure ratio in the functional evaluation of myocardial bridges needs to be assessed by further studies. Functional Evaluation of Myocardial Bridges 
Results
Patient Characteristics
Twenty patients with angina and abnormal noninvasive test suggestive of myocardial ischemia, with suspicion or evidence of MB in the LAD, were enrolled in the current study. Summary of patient baseline and procedural characteristics is shown in the Table. Mean age was 66.6±7.5 years. Twelve patients (60%) were female, 4 (20%) were affected by diabetes mellitus, 18 (90%) by hypertension, 6 (30%) by dyslipidemia, 4 (20%) reported family history of coronary artery disease, and 11 (55%) were active or former smokers. Thirteen patients presented with stable angina and abnormal noninvasive tests (6 exercise tolerance tests and 7 single-photon emission computed tomography); 3 of them were labeled as X syndrome after having performed a previous coronary angiography elsewhere. Five presented with new-onset angina (one of them had a positive treadmill test and another a positive single-photon emission computed tomography). The remaining 2 patients presented with silent ischemia, both with a positive exercise tolerance test (Table) . Fourteen patients performed CCT evaluation before invasive hemodynamic assessment. All patients underwent coronary angiography with invasive functional evaluation according to the protocol described earlier without complications. Twelve patients reached the target dobutamine dose of 20 μg kg −1 min −1 ; in 5 patients, dobutamine infusion was interrupted before reaching the maximal dose because of the onset of severe angina. Three patients required also atropine intravenous bolus. Inotropic challenge caused an increase in the median double product from 8985 (6930-12,750) to 16 822 (14 605-18 620) (P<0.0001), and all patients reached maximal age-predicted heart rate. At a 6-month follow-up, all patients were alive and on maximal tolerated β-blockade therapy. In 4 patients who did not reach the heart rate target (<70 bpm), ivabradine was added. Only 3 patients still complained of mild to moderate exertional angina. Figure 1 shows changes in angiographic findings of systolic coronary compression of MB at baseline and at peak dobutamine challenge. Systolic minimal lumen diameter decreased from 2.28 (1.13-3.1) to 0.74 (0.29-2.56) mm (P<0.0001), whereas percent diameter stenosis increased from 29% (12%-60%) to 79% (23%-90%; P<0.0001). To note, only 13 patients showed critical narrowing after inotropic infusion. The length of the compressed segment changed from 22 (9-47) to 32 (11-50) mm after maximal inotropic challenge (P<0.0001).
Quantitative Coronary Angiography
Functional Assessment
FFR at baseline and after dobutamine challenge, iFR, and dobutamine-induced HWPR values are reported in the Table. Figure 4 . The relationship between the ratio of FFR and iFR and the systolic gradient across the MB is shown in Figure 5 . As shown, the discrepancy between the 2 methods correlates with the reduction/negativization of the systolic pressure gradient, both at baseline and after dobutamine challenge.
Discussion
This is the first pathophysiologic study assessing the role of iFR as an alternative to FFR in performing intracoronary functional evaluation of MBs in patients with angina and positive noninvasive stress test, in whom an MB of the LAD was the only relevant angiographic finding. The main results are (1) intracoronary physiology trumps coronary anatomy to unmask the hemodynamic significance of MBs; (2) iFR 
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showed better concordance than FFR with respect to symptoms/noninvasive tests; and (3) the increase of the functional MB-related stenosis of the tunneled segment during systole seems to be the main explanation of the lower accuracy of FFR (systo-diastolic index) compared with iFR (diastoliconly index). MBs are usually a benign anatomic condition, with a different prevalence between autopsy studies (5%-86%) 15, 16 and angiography series (0.5%-2.5%). 17, 18 In the past, MBs have been frequently overlooked, underdiagnosed and-when detected-considered an incidental finding. Moreover, angina symptoms in patients with MBs were frequently attributed to microvascular dysfunction, because of the common thought that MBs hamper exclusively systolic and not diastolic coronary flow and the absence of specific tests to isolate the role of MBs. Indeed, even though myocardial perfusion occurs , and then inversion of systolic gradient (ie, the average coronary pressure distal to the MB is higher than the aortic pressure during systole) secondary to distal pressure overshooting (C). β-blocker administration restored baseline pressure gradients (D). Functional Evaluation of Myocardial Bridges mostly during diastole, myocardial fibers overlying the tunneled coronary segment cause its compression and sometimes complete obliteration during systole, which may persist into diastole and reduce the early hyperemic diastolic flow. 1, 19 This phenomenon is worsened or unmasked during sympathetic drive such as exercise or dobutamine infusion, which increases inotropic stimulus (worsening and prolonging vessel compression) and causes tachycardia (reducing diastolic time). As a matter of fact, more recently, MBs have been associated with stable angina, acute coronary syndromes, Takotsubo cardiomyopathy, and malignant arrhythmias, 2-7 without a clear pathophysiological explanation. Thus, an adequate identification of the hemodynamic significance of MBs is not only needed as a proof of this concept but also as a guide to therapeutic approach. Being most of the routine noninvasive tests unable to discern between epicardial and microvascular as cause of reduced coronary flow reserve, we designed a prospective intracoronary physiology evaluation protocol using the available lesion-specific indexes, to unmask and isolate the role of MB as cause of ischemia.
Our data suggest that angiographic evaluation of MB-related ischemia is flawed. Accordingly, even after inotropic infusion to unmask significant milking, we would have missed about one third of physiologically relevant MBs. These results parallel previous findings observed also for fixed stenoses. 19, 20 Related to intracoronary physiology of tunneled LAD, the FFR evaluation was negative at rest in all patients. Interestingly, after dobutamine infusion, when coronary compression was maximal and patients developed symptoms/ischemia, median FFR did not significantly change. This can be explained by the fact that, in the setting of inotropic stimulation, MBs can cause increase of diastolic but artificially negative systolic pressure gradients secondary to distal pressure overshooting (as shown in Figure 4 ). This phenomenon may produce an artificial elevation in the mean pressure used by traditional FFR (average systole and diastole), resulting in an underestimation of hemodynamic significance of the bridged LAD. To this regard, diastolic FFR was proven to be more sensitive than conventional FFR for the investigation of MBs. 8 Nevertheless, diastolic FFR calculation is tricky, time-consuming, and not routinely performed in most cardiac laboratories.
On the contrary, iFR at rest was abnormal in 65% of our patients with a clear step-up across the MB, as shown by iFR pullback during pressure wire pull back. After inotropic infusion, HWPR dropped in all cases. The higher consistency with clinical/stress test findings of iFR and HWPR in the evaluation of MBs might be explained by the fact that these are diastolic-specific index not hampered by systolic pressure gradient inversion observed in significant MBs. Accordingly, the discrepancy between FFR and iFR becomes higher when the intracoronary pressure gradient decreases or becomes negative ( Figure 5 ), both at rest and after dobutamine infusion. However, it has to be acknowledged that iFR has been validated only in resting conditions (ie, in the absence of hyperemia, tachycardia, or any other physiological condition that increases myocardial oxygen demands) and that pathological cutoff values in the setting of inotropic stimulus (ie, of HWPR) are unknown. Nevertheless, our experimental findings were consistent in showing that after inotropic infusion-when most patients developed symptoms-HWPR values significantly dropped, whereas FFR did not.
Importantly, the evidence of MB-related ischemia might have some therapeutic implications, considering that these patients would have otherwise been labeled as affected by microvascular dysfunction. To this regard, the hemodynamic Figure 5 . Linear regression analysis showing the influence of intracoronary systolic pressure gradient on the difference between fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) at rest, and FFR and hyperemic wave-free period pressure ratio (HWPR) after dobutamine infusion. The discrepancy between the 2 methods correlates with the reduction/negativization of the systolic pressure gradient, both at baseline and after dobutamine challenge. Functional Evaluation of Myocardial Bridges influence of β-blockers in reversing pressure tracing from overshooting to resting conditions ( Figure 4 ) is a proof of concept that they might be the first-line therapy of patients with MB-related ischemia, because of their negative chronotropic and inotropic effect, as well as of the indirect effect in reducing the sympathetic drive.
21
Limitations
Even if prospective, this is a small, single-center study with a patient's selection restricted to patients with angina/positive noninvasive stress test, clear coronary arteries, and angiographic suspicion/evidence of MB. As such, this population may not be representative of all patients with MB, and the small sample size limits the power and precludes broad generalization into diagnostic terms. CCT evaluation was not performed before cardiac catheterization in all cases; therefore, our results do not allow any correlation between CCT and invasive physiology data. Moreover, an independent angiographic core-laboratory assessment of the coronary findings was absent. Notwithstanding, given the consistency of the physiological findings in resting (iFR and FFR) and in stress conditions (FFR and HWPR after dobutamine infusion) in all the study patients, we think that this study may represent the proof of concept of the contribution of MBs to ischemia.
Although FFR was previously tested against 3 stress tests with reversal of positive ischemia to negative after percutaneous coronary intervention, 22 it has to be acknowledged that iFR and dobutamine-induced HWPR were not tested against a systematic gold standard. Moreover, pathological cutoff values of HWPR are unknown. However, our study was not aimed to find potential new iFR cutoff values in resting versus stress conditions nor to find a new gold standard index. These aspects should be the focus of further research in this field. Our purpose was rather to highlight the fact that FFR does not correlate with angina symptoms occurring during dobutamine infusion, when MB squeezing is maximal. On the contrary, diastolic-specific indexes were more consistent with symptoms and results of noninvasive stress test. To this regard, the measurement of diastolic translesion pressure ratio (facilitated nowadays by the availability of iFR consoles) seems more sensitive than FFR in detecting the hemodynamic effects of MBs. The relationship between diastolic FFR (which was not measured in our study) and HWPR remains to be determined.
Finally, we have to acknowledge that, because all patients were discharged on β-blocking therapy, we could not test the efficacy in terms of angina symptoms reduction of other lowering heart rate drugs (eg, ivabradine).
Conclusions
In patients with angina and noninvasive evidence of myocardial ischemia, the use of physiology to assess MBs trumps anatomy. In particular, the use of iFR, a lesion-specific diastolic index, is more frequently associated with MB-related myocardial ischemia than FFR.
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